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SCAITERING FROM ATOMS AND MOLECULES IN THE FREE STATE BY 
ELECTRONS WITH ENERGIES BEUJW 10 keV. 
* Russell A. Bonham 
Department of Chemistry, Indiana University, Bloomington, IN 47405 
Abstract 
A survey of electron scattering from a free 
atom or molecule by incident electrons with 
energies below 10 keV is best accomplished by 
viewing a Bethe surface. This surface presents a 
global picture of nearly all observable phenomena 
obtained from the investigation of the angular and 
energy dependence of scattered electrons. An 
absolute, comprehensive and accurate surface for 
molecular nitrogen, obtained from electron energy 
loss spectroscopic experiments, illustrates the 
major points to be made. Two general uses of such 
scattering information are: ( i) the inference of 
various aspects of the electronic structure of the 
target through the observation of spectral 
features and (ii) the measurement of absolute 
values of the various cross sections, elastic and 
inelastic. 
The lack of availability of cross section 
data is currently a stumbling block to 
understanding radiation physics in the gas and 
condensed phases. The use of gas phase cross 
sections for modeling condensed phase phenomena 
has certain limitations imposed by the existence 
of strong collective excitation peaks in the 
valence or band spectra of solids. On the other 
hand the absolute gas phase cross sections for 
inner shell excitation may be of use in modeling 
solid state radiation processes. 
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The following is an attempt to survey 
electron scattering from gas phase molecules. 
While the absolute cross sections obtained from 
such studies are useful in radiation physics of 
the gas phase such data, especially for valence 
shell excitations, would appear to have at most 
limited applicability for modeling radiation 
processes in condensed phases. An exception may be 
the case of inner shell excitation. While the 
incident electron energy range of immediate 
interest to scanning electron microscopy (SEM) 
lies above several keV the production of low 
energy electrons and chemically reactive species 
by high energy electron collisions must still be 
considered because of their critical role in 
radiation damage processes. Hence electron 
scattering phenomena from 10 keV down to threshold 
energies will be considered. The paper is divided 
into two sections. The first deals with a survey 
of electron scattering phenomena as viewed by 
observation of the angular and energy dependence 
of scattered and ejected electrons. The scattered 
electron intensities allow one to investigate the 
electronic structures of free atoms and molecules 
in some detail but have limited applicability for 
the modeling of gas phase radiation processes. The 
second section of the paper deals with the fate of 
excited atoms and molecules and the experiments 
required to obtain the absolute cross section data 
needed in modeling. 
The Scattering Phenomena 
In this section we will focus on what can be 
learned by the study of the scattered or ejected 
electron intensities as a function of their 
dependence on scattering angle, kinetic energy and 
incident electron kinetic energy. 
The Bethe-Born Theory: The High Energy Limit 
Inelastic scattering of electrons is 
described rather well by the first Born 
approximation of scattering theory for incident 
electron energies above a few hundred eV [1,2]. It 
should be noted that the same may not be true for 
elastic scattering [3]. This theory assumes that 
the incident electron is described as a plane wave 
which scatters from each particle in the target, 
producing an outgoing spherical wave. The total 
scattered amplitude is the sum of all such 
scattered waves and the intensity contains all 
possible pair wise interference terms between 
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outgoing spherical waves. This is a single 
scattering theory since rescattering of the 
scattered waves by objects in the target is not 
included. Allowance for one such rescattering for 
each scattered wave is termed the second Born 
approximation which will not be considered here 
[ 3 l . 
A typical experiment for electron 
spectroscopy studies at keV incident electron 
energies [ 4] consists of a beam-beam scattering 
experiment employing a 200 µm diameter electron 
beam (FWHM) of incident energy above 1 keV and 
beam current ranging from a few µA to several 
hundred µA incident upon an effusive gas jet 
target of 1 mm diameter with a gas density 
integrated over the path of the electron beam of 
14 15 2 10 10 molecules/cm . In the Born-Bethe 
theory the central object of interest, called the 
generalized oscillator strength (GOS) and denoted 
either as f(K,E) or df(K,E)/dE, is related to the 
experimentally observed scattered electron 
intensity, I (E ,E,B), as a function of the 
exp o 
incident electron energy, E
0
, energy loss to the 
target, E, and the scattering angle, B, by the 
formula [ 1, 2, 5] : 
[df(K(E) ,E)/dE]rel - Ik. (8 ,E) [I (E ,E,B) in exp o 
where 







k~ - E 
1 0 
and 
2 2 2 
K(E,B) - ki + kf 
In equation 1, I kin, is a kinematic factor which 
includes relativistic corrections for the incident 
electron of energy E
0
, f) is the ratio of the 
velocity of the incoming electron to the velocity 
of light c, B is the scattering angle, KKol is the 
Kollath correction [6] (the form given here is for 
a Mollenstedt type energy analyzer) which corrects 
the intensity for the fact that the analyzer 
energy resolution increases with decreasing 
kinetic energy of the detected electron, Fex is a 
correction for exchange scattering assuming that 
the exchange scattering can be factored out of the 
2 
intensity and taken as the 
Rutherford cross sections 
scattering. The expressions 
ratio of the Mott to 
for electron-electron 
for ki,kf and K(E,B) 
are relativistic. B(B,E) is a .background 
correction obtained from measurements which 
reproduce the 70-80 µTorr background pressure by 
use of an auxiliary gas inlet located 20 cm to the 
side of the target nozzle. 
For the molecular case the GOS can be 
related to the wave functions for the initial, w
0 
and final, wv, states of the target as [1,2]: 
df[K(E,B),E]/dE 
M 
l<w I I z 
o n-1 n 
iK·R 
e n 





for discrete excitation processes where K and K 
are the momentum transfer K(E,B) and E is the 
energy loss with both K and E in Rydberg atomic 
units. In equation 2 the sum over v runs over all 
states accessible to excitation with an energy 
transfer (loss) E from a projectile electron. The 
positions of the M nuclei and N electrons of the 
target molecule are given by Rn and ri, 
respectively with Zn the atomic number of the nth 
iK·R 
nucleus. The term in the molecular case, Zne n, 
is the result of the wave functions dependence on 
the nuclear motion. 
Several points concerning the use of this 
formalism need to be made. The most important 
point is that the GOS depends only on Kand E and 
not E
0 
so that proving that an experimental GOS is 
independent of the incident energy justifies the 
use of both the Born approximation and the form of 
the exchange correction to within the experimental 
error of the measurement. The GOS formalism allows 
the measured intensities to be placed on an 
absolute scale by use of the sum rule [7]: 
S(O,K) l fi(K,Ei) + f dE df(K,E)/dE 
i 11 
M 
N + l z~ /(1836 Mn) 
n-1 
(4) 
where the sum and integral are over the complete 
spectral distribution for a constant value of the 
momentum transfer, K, r
1 
is the first ionization 
potential, Mn is the mass of the nth nucleus in 
amu's and Z is the atomic number of the nth of M 
n 










nuclei in the molecule. The average momentum 
transfer may be taken as K ~ ki sin 0, the binary 
encounter value, and the data for K must be 
obtained from the data collected at constant angle 
but variable energy loss, K(E, 0), by means of 
angular interpolation at constant energy loss 
between spectra collected at closely spaced 
angles. Use of equation 4 also requires collecting 
energy loss data out to at least 1,000 eV for 
first row elements or molecules containing only 
first row elements plus corrections of the 
intensity for the missing energy loss data from 
the maximum experimentally observed value of E to 
"'· The contribution to the sum rule from this 
missing piece depends on the scattering angle and 
incident energy but at 25 keV and angles less than 
4° it is typically less than one electron. Note 
that the sum rule is exact. However, if one adopts 
the Born-Oppenheimer approximation it is possible 
to associate the extra molecular term with 
3 
Figure 1. The Bethe surface of helium obtained 
with 25 keV electron energy loss spectroscopy. The 
absolute values of the generalized oscillator 
strength is plotted as a function of ln K
2 
and 
energy loss E. All quant1t1es are in Rydberg 
atomic units. The scattering angle 0 for each cut 
on the Bethe surface is given in degrees. Theta is 









rotational and vibrational excitation of the 
ground electronic state of the molecule. This term 
is a small fraction of the total number of 
electrons in the system and may usually be 
neglected. 
The Bethe Surface: A Global Display 
The dependence of the inelastic cross 
section, a.,
0
, on energy loss can be written in 
terms of the GOS as [1,2]: 
K2 
(41r/E E)J max d(ln K
2
) [df(K,E)/dE] (5) 
o K2_ 
min 
which suggests that a plot of the GOS as a 
function of ln K
2 
on one axis and Eon the other, 





























of presenting experimental data. In Fig. 1 an 
experimentally determined Bethe surface for atomic 
He is shown. This surface provides a global 
display of all the ways in which an electron can 
exchange energy with a single He atom. In the 
following sections we will focus on what can be 
learned from a study of each area of the Bethe 
surface including global quantities obtained from 
sum rules of the type used for normalization (see 
Eq. 4). 
Small Angle Scattering: The Electron Analog of 
Synchrotron Radiation 
In the limit as the scattering angle 
































The generalized oscillator 
N
2 
obtained with 25 keV 
strength 
electron 
scattering. Each inset shows a plot of the sum 
rule normalized GOS in Rydberg units as a function 
of the energy loss on a logarithmic scale in eV. 
The scattering angle, given in the upper right 
corner of each inset, increases from top to bottom 
and from left to right. Note the spectral features 
between 9 and 30 eV. 
incident electron energy and small energy loss is 
effectively zero as well. It can be shown that in 
the limit as K approaches zero that the GOS 
becomes the well known optical oscillator strength 
and hence the energy loss spectra should be 
proportional to the photoabsorption spectrum. In 
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other words high energy electron impact 
spectroscopy (HEEIS) can solve many of the same 
problems, albeit more cheaply in terms of the cost 
of the equipment, as synchrotron radiation. A 
detailed comparison of the two methods has been 
given elsewhere [8]. The major advantages of the 
electron impact method are: (i) avoidance of the 
serious line saturation effects which occur in 
photo absorption spectroscopy [ 1, 2]; ( ii) 
avoidance of major detector efficiency corrections 
because the energy of the detected electron 
remains relatively constant over a wide range of 
energy loss; (iii) superior energy resolution in 
the far UV and X-ray regions of the spectrum. It 
must be added however that this last advantage is 
being rapidly eroded with the advent of new x-ray 
monochromaters. 
In general for accurate intensity dependent 
measurements such as optical oscillator strengths 
or absolute cross sections the electron scattering 
method holds major advantages over the optical 
approach [ 9] . 
Momentum Transfer Dependence of the Bethe Surface 
In Fig. 2 the GOS for a series of spectra 
for molecular nitrogen at angles ranging from 0.5° 
to 3.3° ( K ~ 0.4 to 3.0 a.u. ) are displayed. The 
important features are: ( i) the center of gravity 
of the ionization continuum moves toward higher 
energy loss as the scattering angle ( momentum 
transfer ) increases. By 3° the ionization peak 
already has the form of a Compton profile and the 
momentum distribution of the electrons belonging 
to the valence shell can be inferred from it. (ii) 
Dipole allowed excitations, which tend to decrease 
in intensity as K-l
4 
(1,2], disappear rapidly with 
increasing angle allowing dipole forbidden but 
quadrupole allowed excitations to be observed. It 
is interesting to note that the peak at 31 eV was 
first observed by HEEIS [ 10, 11]. This peak is 
believed to be due to a quadrupole excitation to a 
ka u orbital imbedded in the continuum [ 12] . Such 
transitions may be analogous to the giant 
quadrupole resonances observed in nuclear 
spectroscopy. (iii) Besides the spectroscopic 
information and the electron Compton scattering 
there are also sum rules which exhibit the global 
aspects of the Bethe surface. These sum rules can 
be written as: 
"' 
S(n,K) (6) 
where our Bethe sum rule of equation 4 is the case 
where n ~ 0. These sum rules are finite for - oo S 
n s 2 and can be rigorously reduced to ground 
state expectation values of sums of certain one 
and two electron operators for - 1 S n S 2. In 
particular for n -1 we have to excellent 
approximation [7]: 
S(-1, K) ~ S(K)/K
2 
(7) 
where S(K) is the X-ray incoherent scattering 
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Figure 3. A plot of the difference between the 
X-ray incoherent scattering factor and the 
theoretical X-ray incoherent scattering factor 
obtained from a near Har tree- Fock description of 
the ground state. The solid line is the result of 
a calculation based on a molecular wave function 
which gives about 55% of the molecular correlation 
energy. The dotted curve is a theoretical estimate 
of the total effect based on the assumption that 
missing correlation from the solid line theory 







) is the electron pair correlation 
function averaged 
and vibrations (a 
diagonal second 
over all spatial orientations 
quantity closely related to the 






) is its Coulomb or classical counterpart 
dimensional expressible in terms of the three 
electron density, p(r), as, 
As might be imagined S (K) is quite sensitive to 
the effects of electron correlation. The results 
of a study carried out on molecular nitrogen are 
presented in Fig. 3. The quantity plotted is the 
difference between the experiment and the 
predictions of Hartree- Fock theory for the 
molecule and as such is a direct display of the 
correlation effect [13]. 
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Figure 4. The time-of-flight spectrum for N
2 
obtained at an angle of 90° with 1 keV incident 
electrons. The region below 4 eV (see upper 
horizontal scale) is blown up to show the 
autoionizing resonances. The peak on the far right 
(channel 485) is due to fluorescence radiation 
from excited target molecules, the large peak at 1 
keV (channel 475) is due to elastic scattering and 
the small peak (channel 465) on its left is the 
result of Auger decay of K shell electrons. 
Ejected Electron Spectroscopy: The Source of Low 
Energy Electrons 
It is believed that the key step in 
radiation damage is the production of low energy 
electrons by high energy ionizing collisions. Such 
ejected or secondary electrons are believed to 
effectively excite dissociative states of 
molecules resulting in the formation of ions and 
radicals. These reactive species enter into 
chemical reactions with other molecules in the 
sample leading to major disruption of the sample 
structure. If such a process is to be modeled in 
the gas phase information on the angular and 
kinetic energy distributions of secondary 
electrons for a wide range of incident electron 
kinetic energies must be known. Measurements of 
these cross sections are difficult because of the 
low energies involved. A number of results have 
been reported using conventional energy analyzers 
[14-20]. In our laboratory we have pioneered in 
the use of pulsed-electron-beam time-of-flight 
(T0F) methods to make such measurements [21-23]. 
Figure 5. The angular distributions of elec trans 
ejected by E
0 
500 eV electrons incident on 
molecular nitrogen. Figure 5 a shows the angular 
distribution of W - 4 eV electrons. The points 
with error bars are from Ref. 22, the triangles 
are from Ref. 17 and the x's are from Ref. 16. The 
solid line is a least squares fit of a smooth 
function to the data points of Ref. 22. Figure 5 b 
shows the angular distribution of electrons 
ejected with a kinetic energy of 40 eV. The 
symbols are the same as those in Fig. 5 a. 
6 
The experiment consists of pulsing an incident 
electron beam by sweeping it across a pinhole with 
a pulse of rise time of the order of 1 nanosecond. 
If the sweep pulse voltage amplitude is sufficient 
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pinhole is 1 mm in diameter a pulse of incident 
electrons of width 100 picoseconds or less can be 
produced. This pulse of electrons impinges upon a 
gas jet target and the scattered and ejected 
electron energies are measured by recording their 
TOF spectrum by means of a detector placed at 40 
cm or so from the target at a fixed scattered or 
ejected angle relative to the direction of the 
incident electron beam. A clear distinction 
be tween scattered and ejected electrons is not 
permitted by the quantum theory. To get around 
this experimentalists operationally define an 
ejected electron as one which possesses a kinetic 




)/2. In Fig. 4 a 
typical time of flight spectrum for molecular 
nitrogen obtained with an incident electron energy 
of 2 keV is shown. A spectrum of this type must be 
collected at a sufficient number of different 
ejection angles to characterize the complete 
angular behavior. Usually an angular grid of 10° 
separation between points is more than adequate. 
To be useful such data must be absolute and 
several methods are available to place relative 
intensities obtained in beam-beam type experiments 
on absolute scales [14-21]. In our work we have 
7 
2 
Figure 6. The ejected electron spectra, d a/dWdO, 
for electrons ejected at 90° by 2 keV incident 
electrons as a function of the emitted kinetic 
energy. This spectrum shows the high resolution 
capabilities of the time-of-flight method. For 
further details consult Ref. 22. 
employed the prominent elastic scattering line 
observed in Fig. 4. In the following subsections 
we will explore what can be learned from the 
various regions of the spectrum shown in Fig. 4. 
The Angular Dependence of Secondary Electron 
Ejection. The studies carried out so far have 
focused on the incident electron energy range from 
about 2 keV down to 200 eV. For light atoms or 
molecules constituted of light atoms it is 
believed that the Born-Bethe theory [24} can be 
utilized to extrapolate existing measurements to 
higher incident energies. In Fig. 5 typical 
results for the angular dependence are displayed 
for N
2 
at an incident energy of 1 keV for ejected 
electron kinetic energies of 2 eV and 40 eV. These 
results are normalized to an absolute scale using 
the absolute elastic cross section measurements 
obtained by another laboratory [25} and are 




















+ 1=2000 EV 
A 1=1000 EV 
(!) l=SOO EV 
















.4 .6 .8 
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plots for N2 at incident 
energies of 200, 500, 1000, and 2000 eV. Note that 
the incident energy increases from 200 eV for the 
lowest curve to 2 keV for the uppermost curve. The 
vertical solid lines show the kinematic limits, 
the horizontal solid lines the extrapolated 
estimates of the missing regions of the curves and 
R denotes the 'Rydberg constant which is taken here 
as 13. 605 eV. The tailing up below R/E - 0. 2 in 
the 200 eV curve is probably due to exchange 
scattering. The differences between estimated and 
measured values above R/E - 0.7 is believed to be 
due to a loss of transmission of low energy 
electrons due to the presence of stray 
electro-magnetic fields. For tentative assignments 
of the lines consult Ref. 22. 
Aui;er and Auto Ionization. In Fig. 4 the 
feature observed at the shortest flight time 
(largest channel number) is due to fluorescent 
radiation from the target. Unfortunately without a 
monochromator little other than crude average 
lifetimes can be extracted from this data. Theory 
predicts strong radiation trapping under the 
conditions of these experiments with the result 
that the angular distribution of the fluorescence 
peak, which must be isotropic, can be used as a 
check on the relative angular intensity scale. The 
next feature of the spectrum in Fig. 4 moving in 
the direction of longer flight times is the 
previously discussed elastic line followed by 
several unresolved Auger lines. This region of the 
spec trurn exhibits the rnaj or disadvantage of the 
time- of- flight method which is poor energy 
resolution at high kinetic energies. In fact one 
of the problems in using the elastic line for 
normalizing purposes is that at small scattering 
8 
angles, less than 45°, the elastic and inelastic 
scattering are not well resolved at high incident 
electron energy. 
Moving further along in the spectrum of Fig. 
4 in the direction of even longer flight times we 
note the occurrence of spectral features due to 
the decay of auto- ionizing states. In Fig. 6 a 
blow up of this low energy region is shown. This 
demonstrates one of the principle advantages of 
the TOF method, high energy resolution for low 
energy electrons. It should be noted that the 
energy scale can be accurately determined from 
first principles without the use of mysterious 
fudge factors blamed on "patch" effects. The 
method appears to be quite easy to use and free of 
problems for electron energies above about 4 eV 
providing one uses good magnetic field 
compensation (better than ± 2 rnG). Below 4 eV 
results obtained with a freshly cleaned sys tern 
change with time. At 0.5 eV cross section values 
may change by 100 % over the course of a week. In 
our work Al vacuum systems covered by a graphite 
layer have been used. 
Ionization Cross Sections and the Platzrnan 
Plot. The complete doubly differential cross 
sections that we have discussed above can be 
expressed in terms of the total ionization cross 
section, a, as d
2
a/dW cill or d
2
a/dt dO , where W 
is the kinetic energy of the ejected electron, 0 
is the solid angle of detection and t is the 
flight time. The latter cross section obtained in 
TOF type experiments can be easily converted to 
the former. We can integrate over the observed 
cross section d
2
a/dW dO to obtain either da/dW or 
da/dO where the former is of generally greater 
interest in applications. Platzman suggested a 
particularly useful way to plot da/dW based on the 
Born-Bethe theory [26]. Such a plot, now called a 
Platzrnan plot, consists of dividing da/dW by the 
Rutherford cross section, 4rr/(E E
2), and plotting 
0 
it as a function of 1/E where we take the 





lowest ionization potential of the molecule. The 




) at the 
high energy end and 1/1
1 
at the low energy end. 
The quantity to be plotted is usually denoted as 
Y(E,E) - (da/dW)E
2




is displayed in Fig. 7. Several things to note 
are: (i) at high energy loss the limit, 
lirn Y(E,E ), approaches the effective number of 
0 1/E➔O 
electrons in the target; (ii) the spectroscopic 
features are accentuated with different molecules 
having distinctively different plots; and (iii) 
the total ionization cross section is simply 
related to the area under the curve as: 
a~ (4rr/E) l Y(E,E) f 
1/I 
o 2/(Eo +Il) o 
d(l/E). (10) 
The Total Ionization Cross Sections. It is 
important to note the use of the plural in the 
title of this section. There are actually two 
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Figure 8. The absolute total cross section 
as a function of the incident electron energy. The 
crosses are taken from Ref. 36 where references 
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Log 10 E (eV) 
different definitions of the total ionization 
cross section depending on how the measurement is 
carried out. The cross section defined at the end 
of the last section counts every electron ejected 
in the ionizing process so that partial total 
ionization cross sections for multiple ionization 
are weighted by the number of electrons ejected in 
that particular process. A second type of total 
ionization cross section is obtained by counting 
the number of ionization events occurring when an 
electrons impact a gaseous target. In this case 
each partial total ionization cross section is 
added up with equal weight and the resultant total 
ionization cross section will always be slightly 
smaller than that for our first definition. 
Measurements of the total ion current generated by 
electron impact ionization yield a cross section 
corresponding to our first definition. 
It is interesting to note that, although the 
disagreement between measurements of the doubly 
differential cross sections made by different 
laboratories may be as high as 30 % in some cases, 
the total cross sections derived from all the 
various cross section measurements are in 
excellent agreement with each other [ 14-23] and 
with direct measurements of the total ionization 
cross section [27,28]. This means that the doubly 
differential cross sections are much more 
sensitive to the details of the experiment than 
are the total cross sections. 
9 
Excitation Processes and Cross Section Data 
Bases. 
Al though the discuss ion here is limited to 
the gas phase some of the same points will also 
apply to the condensed phase. In order to model 
radiation processes in a gas it is necessary to 
have complete, comprehensive and accurate cross 
section data sets. A complete set is one which 
includes cross sections for all the important 
processes involved in the energy degradation of 
the high energy incident particle. These include 
excitation, sub-excitation (rotation and 
vibrational excitation of the ground electronic 
state), ionization and dissociation including 
dissociative ionization, dissociative attachment 
and dissociation into neutral fragments that may 
either be excited or in their ground electronic 
states. Such a data set must be comprehensive in 
the sense that the measurements must cover the 
necessary angular and energy ranges needed for 
modeling. The set must also be sufficiently 
accurate to insure that the modeling results are 
reliable [29]. It is often difficult to know 
exactly how accurately cross sections, especially 
the smaller ones, need to be measured. One good 
experimental test of a data set is to include the 
elastic cross section as a member of the set and 
add up all the cross sections and compare the sum 
with accurate total cross section measurements 
R.A. Bonham 
obtained from Beer's law transmission experiments 
which are often known to have 2-3 % accuracy. 
If Monte Carlo methods are used to follow 
the track of an electron slowing down in a gas 
then the angular dependence of the various cross 
sections including the elastic cross section may 
be needed. In the case of stopping power and 
straggling certain sum rules of the GOS are 
required [ 30]. In the following sections we will 
review the available cross section data and the 
experiments for obtaining them. 
Total Cross Sections 
As pointed out above total cross sections 
are important in the modeling process as a check 
on the consistency of data sets. It is the easiest 
of all the cross sections to measure absolutely 
and can be measured with an accuracy approaching 2 
% in many cases. For the atoms He, Ne, Ar, Kr, and 











are overlapping data at all incident electron 
energies from a few volts up to nearly 3 keV with 
agreement of at least 3 % between three or more 
different laboratories at each of the energies 
[31]. Data sets from one or two different 
laboratories exist for the atoms Li, Na, Kand Hg 





















. All of these 
results are obtained from one of a number of 
variants of a Beer-Lambert law transmission type 
experiment. The most common of these are the 
classical Ramsauer method [32] which employs a 
radial magnetic field, attenuation of a continuous 
electron beam in field free space [ 33] and in 
axial magnetic fields [34] and the attenuation of 
a pulsed electron beam using time-of-flight energy 
analysis with either a secondary emitting target 
to obtain the cross section over a wide energy 
range [35,36] or a retarding field to obtain very 
low energy cross sections [ 37, 38]. All of these 
methods measure the path length, temperature and 
gas pressure in addition to the attenuation of the 
electron beam. The absolute cross section values 
are calculated from the Beer- Lambert law. While 
some results for the total cross section based on 
various normalizing procedures are reported in the 
literature they have been excluded from this 
review since their absolute scale depends on the 
results of another experiment. In Fig. 8 the 
results for the N
2 
cross section, displaying the 
well known shape resonance at about 2. 4 eV, are 
shown. 
The Elastic Cross Section 
The total cross section can be divided into 
a sum of the elastic and inelastic contributions 
where the total inelastic part for gases can be 
further subdivided into the cross sections for 
bound- bound excitations, referred to as the 
excitation cross section, ionization, dissociation 
etc. Each of these total cross sections can be 
investigated as to both energy loss (for the 
inelastic cases) and angular dependence. For 
measurements of the total elastic cross sections 
the high energy asymptotic form has been worked 
out [39,40] but the only experimental results 
available in the asymptotic energy range are those 
obtained from integration of the angular dependent 
elastic scattering using sum rule normalization 
[41,42). A number of absolute measurements of the 
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elastic angular dependent cross section have been 
measured for low impact energies. These 
measurements utilized a detector at a fixed 
scattering angle with apertures which limit its 
viewing cone to a small piece of the incident 
electron beam with the entire scattering chamber 
filled with gas to a fixed known pressure (usually 
in the millitorr or submillitorr range) so that 
the detector sees the scattering from the viewed 
part of the electron beam attenuated by the gas 
along the known path length between beam and 
detector. From the known geometry, previously 
measured total cross sections and the pressure 
dependence of the scattering the absolute angular 
dependent cross section can be calculated from the 
Beer-Lambert law. Sys terns for which measurements 
of this type exist include the atoms He, Ne, Ar, 
Kr, Xe [ 43, 44] and Hg [ 45, 46] and the molecules 
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has also reported unpublished 
absolute elastic cross sections 
These measurements have only been 
made for a few incident electron energies, usually 
between 300 and 700 eV, and angular ranges between 
2° and 65°. A number of angular dependent elastic 
cross sections have also been measured which have 
been placed on an absolute scale by use of the 
relative gas flow normalization procedure [51]. 
There are of course extensive partial wave 
calculations for nearly all atoms in the periodic 
table from 100 eV (52,53] up to 100 keV [54]. The 
theory can be cross checked against the available 
experimental data to get an idea as to its 
reliability. For molecules, in the absence of 
experimental measurement, one can use the 
independent atom model (54] with the atomic 
partial wave scattering amplitudes as input data. 
Inelastic Cross Sections 
The total inelastic cross sections have 
hardly been documented at all except in the high 
energy asymptotic limit where the Born-Bethe 
theory has been employed to obtain formulas for 
the total inelastic, total ionization and total 
excitation cross sections [1,2). Nearly all of the 
vast amount of data on inelastic scattering has 
focused on the spectroscopic aspects and only a 
few works have reported absolute values [ 55, 56]. 
While the same technique used to obtain elastic 
cross sections can also be used for the inelastic 
cross sections only a few experiments of this type 
have actually been carried out [57]. Instead most 
experiments report absolute values obtained by 
normalizing relative measurements to the results 
for a standard case. For example He spectra are 
often recorded under the same experimental 
conditions as used for the gas under study and the 
intensities of the He lines are used to set the 
absolute scale [55,56]. This method relies on the 
reliability of previously measured absolute He 
intensities and the assumption that the gas 
density distribution for the He case and the gas 
sample case are identical. 
Excitation Cross Sections. The cross 
sections for excitation of bound states as a 
function of the detector solid angle, scattering 
angle and energy loss have been reviewed elsewhere 
[8,55,56]. These cross sections are variously 
referred to as doubly differential cross sections 
or second order cross sections and denoted as 
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a /dE dO where a is the cross section, E is the 
energy transferred to the target from the incident 
electron and O is the solid angle of the detector. 
Theoretical asymptotic formulae exist in the 
Born-Bethe approximation which are useful at high 
energy [1,2). We don't know exactly where high 
energy begins but for first row elements several 
keV is believed to be sufficiently high for the 
asymptotic theory to be useful. The cross section 
integrated over the solid angle, da/dE, has been 
measured for a number of targets by collecting the 
fluorescent radiation when an electron beam passes 
through a gas ce 11. A review of this work has 
recently appeared [ 58). In the case of molecular 
spectroscopy the excitation region has been 
further divided into a subexcitation region 
consisting of the excitation of rotational and 
vibrational states belonging to the ground 
electronic state. In addition, since many 
rotational and some vibrational states may be 
thermally excited at the temperature of the 
experiment, it is possible for the scattered 
electron to de-excite an initially excited state 
and emerge with a higher kinetic energy (negative 
energy loss) than it had in the incident beam. 
Such a scattering process is called super-elastic 
scattering [29). 
Ionization. The ionization continuum 
contributes on the order of 60- 80% of the total 
inelastic scattering for elements other than Hand 
He. The total ionization cross section inferred 
from the scattered electron part of the Bethe 




)/2 ) is called the counting 
cross section which is the sum of all the partial 
ionization cross sections accessible to excitation 
by the incident electron energy. Absolute total 
ionization cross sections have been measured for 
40 gases at energies from 100 keV to 2.7 MeV [59). 
The results are conveniently expressed in terms of 
the Born-Bethe high energy asymptotic formula. In 
addition a few scattered results exist at lower 
energies [27) along with numerous results for 
various absolute partial ionization cross sections 
from threshold up to several hundred eV [60). 
Recently Freund and coworkers have reported 
partial channel ionization cross sections for a 
large number of unstable species including a large 
fraction of the elements and numerous free radical 
molecular fragments by carrying out electron 
impact experiments on fast neutral beams [61). For 
the doubly differential ionization cross sections 
little absolute data are available. Relatively 
complete Bethe surfaces are available at impact 
energies of 20-30 keV for He [41), H2 [42) and N2 
[4) which are sum rule normalized to an absolute 
scale. At low impact energy the absolute 
measurements of Holtkamp et al, who utilized the 
method outlined for the angular dependent elastic 
scattering, stand out as a lone example [57). 
Molecular Dissociation. Molecules can be 
dissociated by electron impact in a variety of 
ways [62). The incident electron may ionize the 
molecule and the molecule may then dissociate into 
two or more fragments, with at least one of them 
being a positive ion. Such a process is usually 
termed dissociative ionization and the behavior of 
such cross sections as a function of the electron 
impact energy is not unlike that of ordinary 
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ionization. A second type of dissociation occurs 
with the incident electron attached to one of the 
fragments. This process is termed dissociative 
attachment [63) and is essentially a resonance 
process which occurs with a measureable cross 
section only when the incident electron energy is 
less than about 10 eV. Such cross sections usually 
have a width in incident electron energy less than 
3-4 eV. Cross sections for dissociative attachment 
at incident energies below 1 eV tend to be on the 
order of 10- 14 - lo- 15 cm2 while for incident 
energies above 5 eV they tend to range from 
10- 17 to 10- 18 cm2 . An obvious prerequisite for 
dissociative attachment is that the neutral parent 
of the negative ion should have a positive 
electron affinity. An interesting variant, more 
akin to positive ionization, is the case where the 
incident electron dissociates the molecule into a 
positive and a negative ion. Only a few such 
reactions have been studied [ 64). A third major 
type is dissociation into neutral species. This 
can occur so that one or more species are produced 
in excited electronic states or all species may be 
produced in neutral electronic ground states. The 
most studied reactions of this type are the first 
since observation of the fluorescent decay can be 
used to identify the species [ 62). Only recently 
have researchers, using fast neutral beam 
techniques, been able to measure absolute cross 
sections for the latter type of dissociation [65). 
Because positive, negative and free radical 
species are all highly chemically reactive 
dissociation cross sections are of special 
importance in understanding problems in radiation 
physics. Clearly many important cross sections in 
this category are not yet accessible to 
experimental measurement. A method has been 
developed however for measuring the total 
dissociation cross section. The technique invented 
by Winters [ 66, 6 7) relies on the use of getters 
which must be proven to be 100% effective to 
trapping all possible dissociation products but 
not the parent molecule. This method monitors the 
pressure decrease with time as a constant current 
electron beam passes through the sample gas. The 
technique is novel in that an absolute cross 
section is obtained without the necessity of an 
absolute pressure measurement. The difficulty is 
that the necessary getters have not yet been found 
for many systems of interest. Such data are 
extremely useful in providing a bound for sets of 
dissociation cross sections. 
Summary. 
An attempt has been made to survey the 
various phenomena encountered in electron 
scattering from free atoms and molecules. 
Generally speaking nearly all optical excitation 
phenomena have electron scattering analogs. In 
addition analogs exist between electron scattering 
and nuclear spectroscopy. Finally an attempt has 
been made to survey the types and availability of 
absolute cross sections needed in theoretical 
simulations of radiation effects in the gas phase. 
The major point to be made is that adequate cross 
section data sets for modeling purposes exist for 
only a small handful of atoms and molecules. 
Unless more effort is expended in fundamental 
R.A. Bonham 
cross section measurements it is unlikely that the 
situation will improve in the near future. 
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Discussion with Reviewers 
P. Nordlander: Your calculated cross sections 
depend strongly on electron correlation effects. 
It might therefore be difficult to use atomic 
cross sections in the description of molecules 
where electron correlations are known to be very 
strong. Do you have any comments on this? 
Author: The effects I showed (see Fig. 3) are 
rather small, amounting to only a few percent of 
the actual measured intensity. They appear to be 
large because I showed them as the difference 
between the Hartree-Fock value and the experiment 
which difference is totally due to correlation. 
J. Schou and L. Toburen: (1) What is your opinion 
of the experimental data of Opal et al.? How do 
these compare with more recent data? (2) Do you 
suggest a preferred data set for some of the 
elements? (3) Can you explain the various 
differences between the angular distributions for 
large and small emission angles? (4) Are there 
also specific energy regions where the ejected 
energy distributions differ? (5) Where would there 
be the most urgent need for new experimental data? 
Author: (1) Rudd has pointed out discrepancies 
with the data of Opal et al .. These occur mainly 
at low ejected energies and at both small and 
large angles. In general the most recent data 
agree to 10-20% in the mid angular region and 
30-60% at large and small angles for low ejected 
energies (4-10 eV). For high ejection energies (> 
20 eV) most of the experiments agree to within 
about 10%. (2) It may be to early to do that. All 




compared in Phys. Rev. A34, 102 (1986); A35, 541 
(1987). For He we think that our data and 
Erhardt's data may be the best but I am sure that 
the other authors might have a different opinion. 
(3) Assuming that this question refers to the 
differences between Opal et al. and newer results 
I would point out that Rudd has attributed the 
problem to the fact that the Opal et al detector 
did not view the entire scattering volume. In 
addition it would appear that the size of the 
scattering volume and the magnetic field 
compensation both left something to be desired. If 
this question is searching for a theoretical model 
as to why the results come out as they do then one 
can guess that as the ejection energy goes to zero 
the angular distribution should tend to become 
isotropic based on the usual behavior of partial 
wave treatments. In the high energy limit the 
binary encounter theory becomes valid and a 
billiard ball type model with conservation of 
energy and linear momentum would seem to supply a 
qualitatively correct picture. (4) Other than very 
low energy (2 eV) the only major problem occuring 
between our He results and Ehrhardt's is at 500 eV 
impact energy and an ejection energy of 40 eV. We 
believe that Erhardt' s measurements are superior 
to ours in definition of the angular shape but 
that ours are superior in the ejected energy 
dependence. Hence we believe that in this case we 
are right. The problem is probably traceable to 
the fact that very different methods were used for 
normalizing the data. (5) This is just the 
question I came here to find the answer to! We are 
a group which specializes in electron scattering 
experiments in the gas phase and we have 
facilities to measure many types of cross 
sections. Unfortunately we have no expertise in 
radiation physics. I hope to find out which 
problems are important from you. 
P. Rez: (1) As the incident energy is 2 kV or less 
why do you bother with relativistic corrections in 
the Born approximation? I would expect they are of 
the same order as experimental errors. ( 2) What 
are the angular momentum symmetries of the initial 
and final states of the non-dipole transition at 
31 eV in N
2 
and what is the change of the angular 
momentum quantum number? 
Author: ( 1) A great deal of our work is carried 
out at 25 keV and higher where it is important to 
include relativistic effects on the scattered 
electron. The use of such formulas at the 
energies, which you correctly point out do not 
need corrections, is just from habit. (2) The 
ground state is of course ll+ but it is not 
g 
totally clear as to what the excited state is. It 
could be an excitation from a 2sou or 2prru orbital 
to the ko orbital or an inner valence bound-bound 
u 
transition of the type 2so ➔ 2prr. The problem is 
g g 
that all these possibilities are dipole forbidden 
and occur at roughly the observed energy. The 
angular dependence of the excitations would argue 
that the overall change in the total angular 
momentum must be either O or 2. 
Scattering from Atoms and Molecules in Free State 
M. Fink: I would like to urge the author to add a 
chapter on the nice results of (e, 2e) 
measurements at all energies and its ability to 
probe sublevels in atoms and molecules. 
Author: I agree that that would be a good thing to 
do. However it would also be of interest to review 
the work with spin polarized electrons and 
extended X- ray absorption fine structure (EXAFS) 
measurements by use of electron scattering. 
Unfortunately some limits had to be placed on the 
presentation. 
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